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ABSTRACT

This is the first annucl technical progress report on o research progrem on
liguid metar embrittlement {(LME), The phenomenon of LME is being investigated
on levels from the atomic through bulk specimen ond structural properties, ond is
being considered from both experimentol ond theorsticel viewpoints. The research
is cimeed at elucidating the three important aspects of LME, nomely, the mechonism
by which embrittlement takes ploce ot a crack, or potenfial crack, site, the mechoni-
nism by which the embrittling species is trensported to this site , and the various
metallurgicol, physical, and mechonical factors which hove a significant influence
on the severity of the embritilement,

Eleven specific investigations ore undervray, in vorious stoges of progress, with

the first two ropics cimed primerily at on understanding of the transport mechanism in

LME, the second five at the emorittlement mechonism, and the next three ot mecho-

nical und metallurgical factors influencing the embrittlement. The lost topic is on effort

at o new theoretical approach to LME.




1. Embristlement by Solid Metals

Chief Investigator: W, R. Worke
Associate Investigator: P. Gordon
Groduate Student : J. C. Lynn

Purpose: To investigate “liquid” metal embrittlement below the melting point of

the embrittier.

Progress: A high temperoture dual-rorge extensometer has been receivea, The
system for testing, including o Baldwin testing machine, o split furnace and *em~
perature con’roller, temparcture recorder, high tempercture extensometer ond
stress—strain recorder, hos heen set up, colibrated end is now in operation.

The base line (unembritticd) elevoted tempercture tensiie properties of the
4140 steel to be used throughout this study have been determined ond are shown in

Fig. 1 . A peak, due to dynamic strain aging, wos observed in true fracture

sirength cround 550°F. The reduction of orea increases graduolly from 55% ot room
temperature to 75% ot 800°F.

Embrittiement by the solid metals, lead {(99.9999%), cadmium (99.9997%) and

tin (99.999%), respectively, hos been studied using surfoce wetted tensile speci-
mens. The soldering technique for wetting the embrittier to the specimen surfaces
wai the some as thot empioyed by Wcrke.“i The soldering temmratures were 675°F,
665°F and 500°F for leod, cadmium and tin, respectively. Tensile tests were run J
from rocom temperature to the respective melting points (618°F, 610°F and 450°F).
Elevated temperature tensile prope-ties for these three causes (Pb, Cdend Sn) cre
shown in Figs. 2, 3 and 4, respectively. Both the true fracture strength ond reduc-
tion of orec decrease drastically with increasing tempercture .

The exbrittlement is revecled more clearly by the decreose with increasing

temperature of the normalized true fracture strength ond the normalized reduction




of area, Figs. 5, 6 and 7, where the normolized true fracture strength (or reduc-
tion of area) is the ratio of true fracture strength (or reduction of area) for o
specimen with on embrittler soldered on the surface, to thot of a bose specimen

heat trected to the same strength level (i.e., Fig. 1) . When these normalized
true frocture strengths and reductions of area are plotted ogoinst homologous tem-
perature (test temperature divided by the respective melting point of the embrittler,
immperctures are indegrees absolute), Fig. 8, it can be seen that these embrittiers
(Pb ,Cd and Sr) become effective when the test temperature reaches approximately
three quorters of the respective melting points. Although there is some scatter in
the date, it seems that cadmium embrittiement is more severe thon lecd embrittiement,
and leod embrittiement is more severe than tin embrittiement, with respect to homo-
logous temperoture, This tendency is consistent with the veps: pressures of the
embrittiers {codmium has the highest vapor pressure and tin hos the lowest vapor
pressure). The fact thot the rotios oppear to approach a single volue ot the melting
temperature (see Fig. 8), seems to indicate that the severity of the embrittlement
proceeds at o decrecsing rate o3 temperature increoses fo the respective melting
points (H. T. = 1). In other words, there may not be much difference betwen these
three embeittiement couples once the embrittler is molten.

The froctures of the base specimens, typical of those in high strength steel, 2]
were initigted fibrausly in the center of the specimen and propogeted outword
catostrophically. The cppearonce of the fracture surfaces of the surface wetted
specimens indicoted that the fracture was initiated from the surface where the em-
brittler was adhering to the specimen. The embrittled region, perpendiculor to the
loading oxis, increased with increosing temperature und near the meiting point iooked

sk'ny. The remainder of the fracture surface wes usuolly dominated by shaar frocture,




inclined at 45° to the looding oxis. The given test temperature was that at the
start of the tensiie test. Some heating due to stroining wos observed and often
raised the specimen temperature 20 to 25°F before fracture. Those specimens ex-
hibiting shiny fracture origins were found to have been heoted to the melting point
of the embrittler in this way. Secondary stable micro-crocks neos ond perallel to

the primary fracture were also observed in several severeiy embrittled specimens.

Future Plons: Elevated temperature tensiie tests will be continusd with other
potential embrittiers wetted o~ the specimens. Cther ways of putting the em-
brittlers on the specimens will be studied, os well. Stress rupture mochines will
be ordered in ine near future. Quontitative studies of the embrittiement will be
possible once the activation energy of the embrittlement hos been obtained by

deloyed foilure tests,

Z. Combined Influence of Strain Rate and Temperoture on LME

Chief Investigator: J. W. Dally

Associate investigator: N. N, Breyer

Groduate Students: 8. D, Agorwc(ond
K. L. Johnson

Purpose: To study stroin rate-temperature effects aimed ot delineating the trons-
port mechanism in LME ogent in producing britile fracture of a normally ductile
material, Severol of the more importont of these parameters inciude: the state of
stress, olloy composition, metallurgicol structure, strength level, composition of
LME ogent, temperoture and stroin rate. Of these parometers, the temperature and
strain rate appear to jointly affect the fracture behavior in the presence of an LME
ogent. It is helieved that these two porometers are directly related in the control
of the tronsvort ohenomenc where the LM is maointained in close proximity to the

‘racture front,




The combined influence of strain rate end temperature on frocture in the
presence of an LM environment has been previously examined on o limited basis by
othes investigators, Rostokernl has reported the rasults of o seriesof tests conducted
with tensile sheet specimens of aluminum alloy 2024 T 4 wetted with o rercury
amalgam containing 3% zinc. The results of these tests shown in terms of per cent
elongation as o function of test temperature with strain rote os o paremeter ore
given in Fig. 9 . It is evident that the aluminum alloy is embrittled for oli the
strain rotes considered; however, the remperature at which o significant level of
ductility is regained increoses with strain rate. Indeed, the tronsition temperature
(brittle to ductile) has been expressed os

T =Alog* -8 (1

where the constonts A ond B depend upon the elongsation considered to represent
the transition from brittle to ductile fracture,
Another study with aluminum afloy 2024 T 4 wetted with mercury was con-

{
ducted by Borciay and Rhines 4l

where tensile specimens were impacted ot room
temperoture to obtain looding rates varying from obout 50 to 1200 in/sec. Their
results, shown in Fig. 10, indicate thot embrittlement occurs over the entire range
of loading rotes; however, the difference in the reduction in orea between LM
and air environment decreases os the looding rates increase . The opparent decrease inem-
brittlement is ottributed to the lack of time for crack initiation at high loading
rates.

Several Russion investigators 15,6l have cbserved thot embrittlement of Zn
monocrystals coated with liquid Hg, Go ond 5n waos markedly dependent upon

o

strair rate ~ from 10 to 15 per cent/mingte, all three liquids caused embrittlement

{see Fig. '1}, ~owever, ot lower strair rates of 10-‘ to 10-3 per cent/min,, the




ductility of wetted crystals was increased.

Loter Koamdor and Westwoodgn disagreed with these observations ond con-
cluded that neither liquid Ga or Hg croduceu embrittiement in Zn single crystals
(deforming principally by ¢lip) over a voriation in strain rate ranging from 1 to 100
per cent/min. These results ore compared with the previous results in Fig, 11,
The discreponcies between the earlier cbservations ond those of Kamder and
Westwood probably ore due to damageinduced in handling the 1 mm diameter crystals
vsed by the earlier workers. At high stroin rotes, these dumoge sites produce
inhomogeneous deformation by introducing kink-bandsd formation in the crystal.
Cracks nucleate from these kink-ban Js ot relotively low strains, However, when
the testing is performed ot low strain rotes sufficient time is ovailoble for relief of
some of the damage and this results in the upparent plasticization aoffect referenced
by the earlier investigators.

Tha effect of strain rate on the deformation behavior of both polycrystailine
ond single crystal materials in the oresence of liquid metals does not appear to have
been examined in any great detail. With single crystals, the effect of strain rate
does not seem lorge, With polycrystallire materiais, however, increasing strain
rotes copeor to oroduce a reduction in susceptibility to embrittlement with higher

brittle to ductile transition temperatures.

Introduction

ft copears that o comprehensive study of the combined influence of tempera-
ture and strain rate on the trensition from ductile to brittle failure is needed. The
datc obtained would give a measure of ductility (per cent reduction in area) and
strength (uitimaote and frocture strength) os functions of stroin rate and temperature.

Croctu-e surfoces and ‘frocture times cor be examined to gain some information




pertaining to the dynomic aspecisof fracture and in particular the fransport
mechenism,

This report represents the results of the initial _tudies in this research task,
where o series of experiments hove been conducted with stee! (AISI 4145) em-
brittled with 0.22 per cent lead internally distributed in the moterial, A second
material examined was aluminum 2024 T4 which was embrittied by pure liquid mercury.

While the test program is not completed, sufficient dota ore available to
prepaore this preliminary report and to conclude rhat testing temperature ond strain
rate both significently influence the mechanisms associoted with liquid metal

embrittiemen?,

Material Description

The steel used in this series of experiments was an AlS| 4145 grode, cost by
inlond Steel Co. in a split heot, with one half of the heut leoded and the other

half free of lead. The chemical composition of each porticn of the heat is presented

in Table 1.
Toble 1
Chemical Composition of A{Sl 4145 Steel
Alloying Elements internally Lecded Nan~leuded
C 0.47 Q.45
Mn .80 0.80
P $.013 0.012
S 0.025 °.020
Si 0.22 0.22
Ce 0.96 .95
Ni — ——
Mo e.17 0.16
Pe 0.22 -




8, turther examingtion of the lecd composition wos mude by performing on electron
orobe anolysis of the inclusions in the steel. This semi—quentitative anolysis indi-
cated thot Zinc {0.3%), Antimony {0.2 to 0.3%), Tin (0.12%), Bismuth (0.6%)
ond Arseni: (0.1%) were present in the inclusions. The percentoges given represent
impurities in the lead. This steel was hot rolled from ingot form o 3 inch squore
billets and then subsequently hot rolled into 1 inch diometer rods. Thete reds were
then rough machined into tension specimens 0.080 in. oversize ond custenitized ot
1525°F for one hour, oil quenched and tempered for one hour ot 00°F. After heat
tregtment the tension specimens were finished mochined. This heat ireotment resulited
in a nomincl room temperature tensile strength of 215 k.

The aluminum used in this series of experiments waos 2024-T4 produced by
Reyrolds Aluminum, This aluminum wos obtoined in the form of 578" diometer extruded

rod. The chemicel analysis of this aluminum alloy is presented in Table i}, These rods

Toole

Chemicol Composition of Aluminum 2024-T4

Lopper Sificon Morgonewe | Mognesium

4,30 0.22 0.57 1.34

were macnined into tension specimen ond tested. The nominol room tempersture
‘ensile ctrength of this giuminum c;ioy w33 .0 ki,

High putity Hg was obtoined from the Bevhlehem Apoorotus Co, in 17.35 Ik
lots { Fed. Stock ¥ 68:0-579-9426), This sm‘m:e motericl wes processed from
selected stock which wos subsequently tricle distilied in continuous stoges undes
vacuum ang controlled low tempercture, After nrocessing the Hg purity wos in

excos3s of 99,99%;




Experimental Procedure:

Test of unioxiol speci mens of 2024 T-4 aluminum ond intemally lecded 4145
steel were conducted on o servo controlled hydroulically actuated test system. The
testing system shown in Fig.12 consists of an electronic console ¢ @ looding frome
and o hydreulic power supply. The hydroulic power supply provides up to 20 GPM
of hydraulic oil ot 3000 psi to the hydroulic actuator, The actuctos {c 6 in,bore
with on 8 in.stroke ) provides o dynomic force up to 42,000 Ibs with o maximum
piston velocity of cbout 200 in/min. This moximum velocity is established by the
20 GPM copocity of the servo control valve which edjusts the flow of oil in the
hydreulic actuator,

n operation, o linear positive ramp voltege is applied s o commond signal fo
the servo-omplifiesr. This commond produces o constant pisten velocity when or
LVDT transducer is used to provide the necessory feed back signai 1o the servo-
amplifier. A typico! exomple of the actuctor displocement as o function of time is
shown i~ Fig. 13, By ~ontrolling the siope of the remp comeeand signol the piston
velocity wos varied from 0.CG16 to 160.0 in, min. Tests were conducted ot piston
velocities of 0,016, 0.160, 1.40, 16.0, 160 insmin. The romp signals associoted
with the higher oiston velocities were oroduced by o signo! generctor (HP type 3300A)
ond the lower piston velocities were produced by o curve following progrommer
{Reseorch Incoreorated Dota Track).

The ‘orce or the specimen wes measured by o load cell {10,000 b ccpocity)
once reod out on o Y -t recorder ‘or low piston velocities or o storoge oscilliscope
‘or migh oisten velocities. A typical example of o force-time record obtoined from
aluminur svecimens i presented in Fig. 14 . These re-ords were taken on each test

onT wseC to estoblish the ‘orce misociated with the yitimate and fracture strengths and




the time required for initiation of yield ond for complete fracture.
The strain rate reported for each test represents o value essociated with the
o
elastic response of the specimen. In this sense, the stroin rote ¢ may be computed
from
o -
e = \:/!e 2)
where V is the piston velocity

ie is the effective goge length of the specimen

The effective length of the specimen wos determined from the expression

|e = Al/e = V'y/‘:y (3)

where © y is the yield strain
’y is the time required for yield.
Typicol values of 'e ossociated with the steel and oluminum specimens were 6.5 ond
5.0 inches respectively.

After yielding occurs, the strain rate computed by Eq (2) is much fower than
the actual strain rote.  This difference is due to the concentration of the deformo-
tion at the neck of the spaciman which in effect raduces the effactive goge length
of the specimen by about on erder of magnitude .

The post yield strain rote wos exomined by placing strain goges ot the neck

section of severol cluminum specimens ond secording the strain on these specimens

in the post yield region. The goges were Micro-mausurements Type EA-13-25088-120
and were piaced circumferentialiy chout the specimen tomeause the trensverse sirain,
A typicol record showing the fyensverse stroin o3 o funciion of fime is presented in

Fig. 15, From this record it it evident thot tha strain rote after yislding i markedly

-

|
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g
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higher thon the rate estoblished duiing elastic loading. The strcin rate during the
elostic portion of this test (1.60 in/min piston velocity) was recorded as 0.1194
in/in/min while the strain rote observed in the post-yield region wos determined to
be 1.412 in/in/min  Thus, the rotio of the plastic to elastic siroin rates wos 11.82
ond this rotio was considered as constant for testing performed at higher and lowes
strain ratgs,

The temperature of the specimen was maintained with a single zone tube fur-
nace ard the temperature was measured at the neck section during each test with o
#22 goge chrorel-olumel thermocouple tied to the specimen. The cutput of the
thermocouple wos recorded on o strip chart recorder prior 1o ond during the test.
Due to the fact that the geometry of the tension specimen, os shown in Fig. 16,
contained & minimum neck section the deformation ares wos highly localized ond
temperature grodients olong the length of the tube fumace were not importont .,

Of more coricern was the shorp increase in temperoture recorded during the
test. This increase wos due to the heat generated os the specimen was plastically
defcrmed. Tempercture increases of 20 to 25°F which were encountered remeined
essentially constont, independent of the strain rate. 1t oppeors that the lack of
voriofion of the fempercture is due to the odicbatic generotion of heat during the

deformation process.

Results:

The results obtained by testing AIS! 4145 leaded steel ore shown in Figs. 17
to 20 where the frocture strength ~¢, the ultimate tensile strength =, , the propor-
tionol limit “pl and the per cent reduction in area are given os o function of test
temperature ‘or o specified strain rote, it is evident in all cases that the strength

ond ductility decreases monotonicolly with increasing temperature until o minimum

10




R

is reached corresponding to a temperature in the range from 600 to 850°F. For
higher temperatwres, the materiol regeins its ductility ond the fracture strength
shows a morked increose.,

Loss of ductility (defined as failures with RA less thon 10 per cent) cccurs
over ¢ temperature bond which vories with stroin rote os illustrated in Fig. 21. |t
is avident thot the temperature bond associated with embrittlement remeins essen-
tially the some (about 200°250°F) ond that both the upper and lower temperatures
ossocioted with the embrittiement band increcse with strain rote. The effective
shift in the RA-tempercture profile with strain rote is illustrated in Fig. 22 where it
is evident that three decades of sirgin rcto effectively tronsicte the RA-temperoture
profile by about 150°F.

The effect of stroin rote on the per cent RA iz shown for testing temperctures
of 75, 300, 450, &0, 700, 800 and 900°F in Fig, 23. It is cleor thot
the stroin rate has little influence ot room temparature where the RAwas consten?
ot cbout 42 percent of ot 700°F where the matersicl axhibited very littie plastic de-
formation. At all other temperoture the effect of sirgin rote was woncunced.

The reczovery temperature Ty (defined here o3 the temperature ot which the
mctericl regains o RA of 40 percent) is presented os o function of log 2 in Fig. 24,
These results are similor to thote reported previously by Rostoker et ol where it was

noted that the temperature-strain rate reiction could be expressed cs
°

The constants A ond B depend on the ductility. in this cose where Ty wos
estoblished ot RA = 0.4 , the constonts A and B were determined os:
A = 909°F

B 43,6°F
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The time necessory to complete each strain rote test is one mecawe of the .
dynamic cspects of the frocture process under LME conditions. The ¢ e to reach
pl

the lood ossociated with the proportional limit ’pf and the time to reach the froc~
ture lood t are given in Toble lll. Also shown in this table is the time difference
Ay = ¢, - ff , the strain rate, test tempercture ond percent RA. Exomination of
these results shows that 3t is minimum whenever embrittlement occurs and RA is o
minimum, Thetime difference decreases roughly in proportion to the strain rate
being 5.5 seconds for & = 0.0025 in/in/min to 50 millisec. for S = 2.46 in/in/min.
At the very high rates of loodings with time differences (which must be greater then
fracture times) of 50 millisecs. averoge crack propogationrates exceeded 2 in/sec.

The results obtained with aluminum 2024 T4 correspond to both o liquid mer-
cury and on air environment. in all coses, the resulis were compored to show the
combined effect of tempercture ond strain rate under both environmental conditions.

Results showing the percent reduction in orea as ¢ function of temperature for
both conditions ore presented in Figs. 25 to 29. These results correspond to stroin
totes of 2,003, $.03, G.30, 3.00 ond 30.7 in/in/min. in the presence of air, the
RA increcses monotonically with temperature increasing from about 30 percent ot
7592 to 50 or 60 percent ot 600°F with the lorger value achieved ot the higher
strain rates. The results obtained for RA at strain rates of 90.003, 0,03 ond 0.30
in/in/min with o liquid Hg environment show morked embrittiement for testing
temperatures in the range from 75 to 4007 F. However, oi higher temperctures the
aluminum recovers its ductility ond exhibits o very sharp brittie to ductile tronsition.
Indeed cbove the recovery temperature, the RA measured in the (Hg)i_ envircament
was consistently highe, *hon that measured in air,

The influence of strain rate on RA is more cleorly illustrcted in Fig, 30 where




Toble 111
Time to Proportional Limit tp' ond Frocture te for 4145 Leoded Steel
& = 0,0025 in/in/min
Temp (°F)  R. A, (%) tilec)  tpGec)  At(sec) Spec. No.
75 38,0 155.0 402.0 247.0 W-
310 25.5 160.0 350.0 190.0 wW- 6
430 17.4 150.0 305.0 155.0 W- 7
500 14.1 144.0 277.5 133.0 w- 8
600 9.7 147.5 236.0 89.0 wW-9
700 5.5 142,5 147.5 5.5 w-10
750 4.8 137.0 157.6 20.0 W- 3
800 62.6 125.0 472.5 347.0 V- 4
? = 0.025 in/in/min
75 44.2 15.5 42.4 26.9 zZ- 1
300 3.1 14.7 38.0 23.3 Z- 2
400 26.9 14,7 35.2 20,5 Z- 4
500 22.4 14.7 31.0 16.3 Z-3
600 13.1 15.0 26.1 1.1 Z- 6
695 3.2 14.6 16.5 1.9 Z- 5
745 4.9 12.2 14.3 2.1 Z-7
805 6.4 12.0 16.2 4.2 Z- 8
825 7.7 13.2 13.7 0.5 Z-9
850 65.4 12.7 53,2 40.5 Z-10
€= 0.23 in/in/min
75 42.4 1.75 4.23 2.48 Y- 1
300 40.2 1.60 3.97 2.37 Y- 2
400 29.5 1.63 3.80 2.17 Y- 3
500 24.9 1.63 3.50 1.87 Y- 6
600 13.6 1.58 2.67 1.09 Y- 7
700 6.4 1.55 2.00 0.45 Y-8
750 6.8 1.52 1.82 0.30 Y- 10
800 6.9 1.49 1.9 0.42 Y- 9
850 5.0 1.47 1.95 0.48 Y- 4
875 67.6 1.56 5.45 3.89 Y- 5
o]
€ = 2,46 in/in/min
75 42,1 0.167 0.376  0.209 X- 1
300 40,2 0.150 0.370  0.220 X- 2
400 37.6 0.157 0.366  0.207 X- 3
550 22.3 0.155 0.305  0.150 X- 8
600 20.8 0.165 0.307  0.142 X- 9
700 3.3 0.145 0.205  0.060 X-10
800 6.4 0.151 0.201 0.050 X - 11
875 6.5 0.145 0.196  0.051 X- 4
9200 4.5 - X- 5
923 22.3 0.143 0.288  0.145 X- 6
940 71.4 0.135 0.474  0.338 X- 7
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RA versus € curves are shown for test temperotures of 75, 300, 450, 475 and
500%F. It is clear that the effect of increasing the strain rote is to morkediy
decrease the RA. This sharp loss of ductility with stroin rote becomes more
oronounced at the higher test temperatures.

Similar results for the fracture strength g, 03 0 function of temperature
are given in Figs. 31 1> 35. Thesa results cleorly indicate that the fracture
strength is shorply reduced by the presence of liquid Hg over the temperature
range from 75 to about 400°F. After the recovery of ductility, the difference
in fracture strength between specimens tested in air and Hg is quite smali.

While further tests must be conducted to complete this investigation,
sufficient doto has been token to indicate that the recovery temperature TR
increasing with the log € cs indicated in Fig. 36. The general trend of the
infiuence of strain rate on Tp in the 2024 74 aluminum is similer to that noted

for the 4145 leoded steel.

Future Work:

The current work with the aluminum will be extended to cover the tem-
perature ronge from ~75°F to room temperature. The looding frame will be
modified with a cooling chamber replacing the furnoce. Liquid nitrogen will
be employed to establish temperatures down to -50° to ~100% so that the
tests con be conducted with the cluminum ot temperatures in the regicn where
the Hg solidifies. These low temperature tests wiil include the five different
strain rates from 0.003 to 30 in/in/min.

After the test program is completed the frocture surfoces of the aluminum

specimens will be examined and en attempt made to classify the frocture zones. It is
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onticipated that choracteristics of the fracture surfaces can be related to tempera-~
ture ond strain rate in the presance of the embrittling ogent or in air.

Finally on cttempt will be made to interpret the results in terms of the exist-
ing frocture theories. It is onticipoted thot the strain rote dependence of the
fracture stress will allow o choice between various tronsport mechonisms on the basis
of their choracteristic rotes ond activation energies.

Work will also be initiated on o reloted task where a series of experiments
will be design to study crack propogation as aoffected by liquid metal environment .
In the tests described to date (in relction to on embrittling environment) the liquid
metal is in contact with the base materiol os the {ood is opplied over relatively
long louding intervals . This procedure is not odequate for measuring the time
required for crack initiotion since the effect of the time spent ot stresses lower thon
the critical value can not be assessed. |t is proposed to chonge this testing procedure
and to opply astatic jood to a specimen ond then dynamically apply the embrittling
ogents With this approach the specimen {oluminum) in plate form would be loc.ed in
unioxial tension ond the embrittling ogent applied dynomicolly. The resulting crack
patterns would be recorded by using o Fastax comera (both 8 mm ond 16 mm models
are available). The crack propogation rates ore relatively low ond consequently
froming rates of the order of 1000 or 2000 fromes/sec oppeor suitable for tracking
the formation and development of the crack potterns ond to establish initiction times,

The porameters whick con be voried in tests of this type ore aimost unfimited.
They include stress level, temperature, base motericl, embritting ogent, the quon-
tity of the ogent, the spatial distribution of the ogert, the pressure of the ogent,

specimen size, ond stress distribution.




3. The Effect of Structural Metal Purity on LME

Chief Investigetor: W. R. Worke
Associate investigators: P. Gordon, N. N. Breyer
Groduote Student: S, Dinda

Purpose: To study the effect of segregation of frace impuritiss to grain boundories
or the embrittlement in LME.

introduction: Intergronulor fracture is observed in both liquid metal embrittlement
and temper embrittlement of steel. It has been well established!® 19 shot the
reason for the selection of on intergronulor path for fracture in temper britt!a steel

is the segregation of trace impurities such as antimony, tin, orsenic, phosphorusetc.
to the grain boundories. in the present program, the effort will be mode to evaluate
the role of these trace impurities and their segregation to the grain boundories in the
liquid metal embrittlement of steel.

Recently, it was reported (v that steel heat treated so as to be temper brittle
was more susceptible to hydrogen embrittlement thon the same steel without the em-
brittling treatment. The stotic fatigue life and the minimum stress for rupture were
less for the temper brittle steel in the presence of hydrogen. In view of recognized
similorities between hydrogen embrittlement and liquid metal embrittlement, these
results are very encouroging and support the expectation thiot steel with segregated
impurities in the grain boundaries wiil be more susceptible to embrittiement in pre~

sence of o liquid metal embrittlement.

Progress ond Plons:  Five ingots of 20 pounds each were received from the Research

ond Development Laboratory of General Electric Compony, Schenectady. Thebase
composition of the vacuum melted material is 0.40% C, 3.5% Ni and 1.7% Cr,

and the special odditions to the base steel ore as follows:

16
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1. Base composition, no addition
Bose composition + 800 ppm Sb

2,

3. Base composition + 500 ppm Sn
4. Bose composition + 500 ppm As
5.

Base composition + 500 ppm P

The ingots were soaked at 2075°F for one half hour and forged to 3/4 inch
round bars. The bors will be drown through die to on appropriate size for machining
of tensile specimens. Moteriols from each ingot will be heot treoted in accordonce
with procedures given in the literoture and known to give unsegregated, unembrittied
ond segregated, embrittled stotes respectively. For the unsegregoted condition, the
material will be austenitized ot 850 C (1562 F} for one hour, then quenched into
oil, tempered at 625 C (1157 F) for one hour ond water-quenched., For segregaticn
of impurities to the grain boundories, the water-quenched soniples will be given on
embrittling trectment which involves step cooling through the temperature range from
600 C to 350 C (1112 F to 662F).

Elevated temperature tensile tests will be carried out for the following four

conditions:

2]

. Unsegregated, non-wetted

b. Unsegregcted, wetted

(2}

. Segregoted, non-wetted
d. Segregated, wetted

Pure lead will be used as the embrittling liquid metal cpplied to the specimen sur-
foce. The results after elevated temperature tensile will be compored in each cose

and the role of these troce impurities in liquid metal embrittlement will be eveluated,
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4, The Effect of Purity of the Embr’ttling Liquid Metal

Chief Investigator: N. N, Breyer
Associate Investigators: J. W. Dally, W. R, Worke
Groduate Student: K. L. Johnson

Purpose: This investigation is o study to characierize the effect of lsod compesition

on the fracture behavior of externaliy wetied 4145 sieel.

Introduction: One of the more intriging aspects of LME is its opporent specificity.
It is often stated that cartoin liquid metals only embrittle certoin solid metals.
Furthermore, the odditions of small omounts of impurity elements to o specific li-
quid metal embrittling ogent can drastically affect the fracture behavior of the
solid metcl, The fundomental foctors which determine whether or not o given
liquid metal or liquid metal alloy will embrittle o porticulor solid metal, and the
extent to which the embrittlement will be induced, ore not understood.

This study was initioted in order to quantitatively determine the influence of
changing the composition of a liquid metal smbrittling agent (viz. Pbj on the froc-
ture behavior of o high strength alloy steel. Binory alloys of lead with second
clement cdditions of tin, ontimony ond zinc are included in this study. An attempt
will be mode to understand the specificity of these additions o pure Pb in terms of

their physical and ctomistic chorocteristics,

Progress ond Plons: Bose line elevated tempercture tensile (ETT) properties of 200

ksi nominal UTS non-lead 4145 steel, surface wetted with pure $b, Pb-0.5% Zn,
Po-2% Sb, ond Pt-%% Sn alloys (percentoges ore by weight) have been determined.
8rittle-to-ductile recovery temperature differences ot lorge as 300°F occur as the
wetting metal composition is chonged from pure Pb by the additions of the cbove
element to the Pb. The ETT properties of specimen surfoce wetted with pure Pb on:8

P2-0.5% Zn cre presenied in Figs. 37 and 38 respectively. It can be noted thot




abhow 222
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i pure T hos shiffed the brittie~to-ductiie recovery
temperature 100°F higher thon that for pure Pb aiome.

The systems Pb-5b ond Po-5n have besn choten for complete characterization
for decreasing second element composition, down to trace element percentages. These
systems were selected for t~n recsons: 1) both systems exhibit an initially high reco-
very temperciure (2%0‘ 300°F above that of pure P}, 2) o wealth of physical and
thermodynomic data are available in the literoture on these systems.

The system Po-Sn has been completely choracterized for second element (i.e.,
Snj compasitions of 9, 4, 1, 0.5, 0.1%, The ETT properties of 209 ksi nominal UTS
non-leoded 4145 steel surfacz-wetted with the obove ciloys are shown in Figs. 39
thry 43. It con be seen thot os the Sn composition of these Pb=Sn alloys increase
froem 0.1% to 9% the recovery temperature (that temperoture at which the matericl
regains a reduction in aree of 40%j steadily increases. The effect of Sn in Pb on the

LME of this material wos found to follow the relationship
I/TR * Alogy, (%5n) + 8

Fig. 44 illustrote this relo*ionship between the reciprocal of the absoiute recovery
temperature and the iogm (%Sn).

The effect of Sb on surface wetted Pb olloys is shown in Figs.45, 46 ond 47 for
2, 1ond 0.1% 55 clloys of Pb respectively. Notice the morked deleterious effect
which smo!l Sb cdditions to Pb has on the LME choracteristic of the 200 ksi nominal
UTS alloy steel. For 2 and 1% Sb olloys, the brittle-to-ductile recovery temperature
was greater thon 975°F (above the original tempering remperoture of the specimens).

The Po-0.1% Sb surface wetted clloy {(Fig.47) procduced a recovzry tempercture of
835°F. At the present time thn Po-Sb hos not been completely chorocterized, however,

new Po-5b alloys hove been made ond issting of these alloys is now underwoy. 1t is
hoped that by completely chorocterizing the effect of these two binary systems, Pb-Sn
ond Po=3b, as the ETT behovior of o high strength steel, o batter understanding of the

spec ficity of second element additions to an embrittling agent con be glecned.

t




5. Thke Specificity of Embrittling Systems

Chief Invastigotor: W. K. Worke
Groduate Student: F. A. Shunk

furpose: To re-evoluaie the prasent knowledge on this subject by ¢ complete ond

criticol ceview of the literature; ultimctely, to develop further pertinent experimen-
ta} evidence to fill in gops, ond to perform critical experimants to distinguish between

cvoiloble ond propored rotionalizations,

Progress: The ideo of specificity in liquid matol embrittlemens (LME) oppeors to be

derived from the conclusion of Rostoker et 01!12! that *.... liguid metal embrittiement
is not generol; the mating of specific couples is o necessory condition.” This conclu-
sion wos boserd on the vbservations reproduced in Toble | ond on their literature survey.

A?femptsnz' 13

to ratisnalize these cbservations have been, at best, only portiaily
successful.

These rationalizations are phenomenologicol in choracter; 1o re~examine ond
re-evalucte them on o more fundomental bosis suggests the need for an operational
definition of non-embrittiement, In on obvious monner, cne con proceed from a con-
sideration of the embrittlement trough which is ossociarted with LME; this trough is
recdily described. As the test temperoture is increased, o gruduol tronsition from
ductile to brittle behovior -~- as mecturad by the frocture stress and/or ductility ot
frocture relctive to the some quontities when the specimen is koltured in gir --= is
observed (the onse! of this tronsition {3 below tha melting point of the test liquid in
those cesa“‘-ié} for which it hos been reportedi. At some higher temperature, the
frocture behavior is ogoin identical with that in oir; this reflects the high tempercture
side of the trough {(brittle~to~ductile tronsition). Non-embrittiement is then defined

as thot condition where thare i3 no chonge in the fracture behavior due to the presence

20
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of the tz3t liquid os compared 1o the fracture behovior b oir ever o tempeoroiues
renge which includes the meliing poini {or liquidus) of the test Hguid.

The first phose of the tosk of roticnalizing specificity hos besn o fitercture
pzzeh which hos o twe-%old chisctive, The first of these cbjectives is to up-dote
sxiiting tabulations of couples which hove been investigoted while the second is to
eccumicin information on the tast conditions undsr which embrittlement or non-
godrintlement wos chisised by the vorious investigctors. This latter objective # of
particuler impertance in closifying o porticuior couple o5 non-embrittling which s,
of course, the basis of specificisy,

For embrittlemant to be chesrved, it is necessary that the test teraperature be in
the embrittiement trough, Date regording how the ductilo~to-britthe tronsiticn tem-
purcture {low-tempercture side of the trough} iz effecied by test voricbles ore meager.
Kusch more I3 known chout the brittie-to-ductile transition which occurs above the
melting poire {or Hiquidus} of the tect licuid. The tempersturs of the upper transition
is strongly influsnced by (o} the groin size of the solid, ) the sircin rote of the test,
end {c} the comsosition of the liguid ond is influenzed somewhat fese by the composi-
tion and strangth lavel of the solid. Thus, srior fo defining o porticeler liquid/solid
couvple ot non-embrittling, 1t necessory tc know [in terms of the cbove definition)
that o brittie~to~ductile tronsition does not ocewr, Alost recernt investigators opgeos
to recogrize this requirament becouse sery few “non-embriftling” couples heve been
reported since the appearonce of the monograph by Restoker et ol 112 All of rhe
couples which have been clcimed to be non-embrittling, os determingd by the literc-
ture seorch, ore summorized inTable 2 ; the iimits to the claim of non-cmbriftlemest
ore indiccted in the foomotes to the table. Comparison with the definition of non-
embrittiement shows [since most of these couples were reported as non-enbrittling on

the besis of testing ot o single tempercture chove the melting point of the test liguid)
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thot most of these couples cre rot estoblished a3 non-embrittling. A second group
(unfortunctsly lorge) ore reporied os non-embrittling with no specific chorocterize-
tion of the testing conditions (although, in some coses, inferances moy be drown by
referring to the tests with embrittled couples in the some work),

In addition to tests which ore mode cutside of the temperature regime of the
embrittlement trough, “non-embrittlement” may be obierved if the test liquid does
not wet the solid ond/oc if there is no sufficiantly stdble borrier to disiocation flow.
The lotter possibility is suggested by the observation of Nichols and ﬁos?okcr“n that
alloys ore more likely to be embrittled thon cre pure metcls, Furthermore, such o
condition would be consistent with the obove definition of non-embrittiement and
simuitoneously would give on operotional definition of specificity. A definition of
this type could be tcker to imply thot the liquid ploys only o smail role in LME
{specificclly with regord to the "bond-weakening” model) ond even thot specificity
os 0 co-operative pheromenon between the embrittied ond embrittier matericls { as is
usvally 11213 irolied) is not o el aspect of LME. OF course, specificity resulting
from o co-operctive phenomeron may exist, but ot the present time i? must be consi-
derad as not established. The possibility thot both *flcw stress” and “co-operative”
specificity occur olso exists,

The literature search has yieided on up~dated listing of clearly established em-
brittlemeni couples; these couples ore summorized in Table 3 . This table is orgenized
on the basis of increxsing melting points (of the base element in the cuse of olloys), the
most significont aspect appeors to be the seemingly rondom oppeorance of embrittling
couples. This scatter would seem tc exclude o simple relotionship between embrittle-~
rent and some physicoi propesty.

In the rationalization of embrittling couples presented by Westwood et ol ,“31
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TARIF 4
Elementol Embrittlement Couples

A. Ordered by Peulingwﬁlcchomgoﬁviﬁa

G MNo Li Go G In Pb Sn TI Bi Cu Hg Sb
Al N | .4
Zn .0 2 .2 .3
Cdj-1.0 -.1 .
Fe 2@
Gel -2 -1 -1 .0 0 A
Ni -.8 .0
Sn -.2 .1
Ag -9 -3 .0
Bi .0
Cu -1.L -.9 .0 .0
Pd -1.2

i9

B. Ordered by Gordy-Thomas Electronegativities

CG No Li Cd Sn Hg Go In Co TI 8 P Sb
Al .26 .28
Cd}|-.79 .07 22
Sn 13 .15
Zn -.0 Jd2 0 L4 27
Ag -.72 10 .12
Co - & -.8 -.04 .04
Bi -.08
Fe -.08
Ge -.32-.25 -.10 -.08 -.04 -.04 .03 .08
Ni -.97 .0
Pd -1.25
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it is suggested thot embrittiement is associoted with a small difference in electro-
negativity between the liquid ond the solid. This criterion porailels the "non-existence
of intermediote phases® criterion of Rostoker et ol.!'2] The couples in Toble 3 which
consist of (nominally) pure elements only are retabulated in Table 4 occording to
increosing electronegativity; the difference in electronegativities is recorded in the
table. As suggested above, the scatter noted in Table 3 is still evident. The corres-
ponding analysis of the intersolubility "rule” suggested by Rostoker et ai.has not been
completed but several exceptions ore known ond o similor rondom pairing is anticipated.

Future Work : The initial phose of the experimental work will be concemed with
establishing a non-embrittling couple. The six elemental couples in Table 2 (Sn/Al,
Hg/Cd, Hg/Fe, Ga/Bi, Ga/ Cu, Pb/Cu) are the principal condidate couples.

The onclysis of known embrittling couples in terms of both phenomenological and

theoreticol models will continue as will the literatiwe seocch.,

6. Direct Measurement of Surfoce Encfg_oc_s

Chief Investigotor: E. Zwicker

Associate Investigator: P, Gordon

Groduate Students: R. Hudec, (A. Findeli)

Undergroduate Porticipation: 2 NSF supported physics
undergraductes

2 unsupported physics
undergroductes

Purpose: To measure surfoce energies by meons of microbalonce measurement of the
force-distonce curve when atomically clesn surfeces cre brought together.

Progress and Plons: To date, the experimentcl and theoretical aspects of surfoce

energy have been subjected to o thorough literature survey, ond the survey continues
at o modified pace. A cord file lists a total of 291 reference orticles cross-indexed

27
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by outhor ond subject. Of course, 125 orticles hove been collected ond cotaloged,
ond ore in a metal file cobinet housed in the Solid State Physics Laboratory, 114
Siegel Hall. Subject matter is listed under the following file headings:

Theoretical Celculations

Experimental Determinations

Surfoce Measurements

Surface Preporation

Environment Effects

Temperoture Effects

Plostic Flow ot Crack Tip

Initictien and Propagation of Crock: Dislocotion Models

Ultra-High Vacuum Technology

Solid-Liquid interfaces

Liquid Metal Embrittiement

Photomechonical Effect

Books - general

The research file has baen orgonized in o manner to help solve four exceedingly
difficult experimental sub-problems of the primory surfoce energy problem:
. Production of ultra-high vacuum, of the order10™10 1o 10”1 rorr in o
chamber copable of containing the microbclonce and somple hondling J

ond measuring equipment;

1. Meocsurement of the short-ronge attractive forces:
tfl. Control ond meosurement of the inter~surfoce seporation;

IV. Production and meosurement of the atomicolly~cleon somple surfaces.

Progress has been most rapid in solving the first sub-problem. After receiving
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bids ond advice from Ultek, Vorion ond Veeco, on ultra~high vocuum system hos been
ordered from Ultek, The TNB-X-75 Ultek system offers the greatest flexibility of the
three systems, ond oppeors to be the most satisfactory for the experiment. It consists
of two sorption pumps for roughing to 10.2 torr in adbout 3 minutes, o middle stoge of
titanium sublimation pumping using a copper cryo panel which con be cooled with
liquid nitrogen, ond final stage of differential ion pumping consisting of thvee,

25 liter/second units. Additional ion pump units moy be purchosed oud installed, if
required, to boost total ion pumping to 200 liter/second. The odditional cost to do
this would be $135 per unit, less then $700 total., Ultek also offered the best working
volume, a stoinless steel bell jor, 12 inches in diometer by 12 inches high. It hos
two eight-inch ports, three six-inch ports ond four two-inch ports, ond waes originelly
designed for Auger spectroscopy ond low-energy electron diffraction work. A special
poppet valve enables isolation of the pumping section from the bell jor. In order to

be copable of vacuums of the order IO-H

torr, o bakeable gold-secledvalve (Gronviile-
Phillips) will be used to isolate the roughing stage, rather thon o stondard, viton-
seated valve. A combination ion pump control ond sublimation power supply is
standord with the system. The ion pump control includes a meter which will reod
system pressures from 104 down to 10-9 torr. In order to reod pressures into the IO-H
torr renge, o Boyord-Alpert type gouge will be ordered instolled ir the system. The
gouge is compatible with o Veeco lonization Gauge Control (Model RGLL~6) which

reads into the 10-‘2 tors ronge, and which is ovailoble from the Metallurgical Engi-

neering Department. The Control ond origina! gauge were found to be in working
order at an earlier date, though the gcuge cannot be used efficiently with system
ordered.

Another feature of the Ultek system is the shielding of the bell jor volume




ogainst gas discharge which nccurs during operation in the middle stoges of pumping.
Such discharge destroyed the coil of a Cohn microbalance used in asytem by RCA,
accordingto Mr. JamesT. O'Brien of RCA's Speciol Products Engineering, Sommerville,
New lertey, (private communication). Another foctor considered is the stray magne-
tic field from the ion pump magnets in the volume of the bell jor space. Ultek claimed
the lowest field of the three monufacturers, less then 10-3 gouss, which comporeswith
Earth's field, ond so will not offect operation of the Cohn microbalance.

The UHV system is to be delivered in late July, and will arrive completely

assembied ond foctory pre-tested to achieve pressure in the ronge IO-”

torr. Since
it weighs about 500 pounds, ¢ heavy~-duty, portable winch is being outfitted with
stainless steel cable ond hooks, so the system may be moved into proper mounting
sosition. The winch will also serve to lift the stainless stell bell jor from the system
to facilitale mounting experimental equipment within the system, and to service the
system on occasion. The system will be mounted on an oluminum base plate measuring
36 x 48 x 3/4 inches, which is on order. Ultimeteily, the bose plote will be suspend-
ed on o vibration isolation device. It is expected that both Haber Instrument, inc.
ond Lonsing Research Corporation will be consulted more closely before September,
regarding particulor problems of vibration isolation. Lonsing manufoctures isolation
tcbles which ore in effect mounted on cushions of air.

After the UHV system has been mounted on the base plate, it will be tested
without opening it to otmosphere, in order to see that it meets specifications. This is
expected fo occur by the middle of August. Crce the system performs satisfactorily,
the bell jor will be opened to an atmosphere of dry nitrogen, and o chemically cleaned
specimen of KC} will be introduced in order to test its outgassing properties. Such
tests will be repected with metallic specimens as well, and practicel information will

Le obtain chout the need for bokcout of different types of specimens.
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A means of boking out the entire system o temperctures in theirs ronge of %°C
vo 430°C is currently being desigred, and should be ready to fit to the system during
August ond September,

Sub-prebier U, the measurement of the short-ronge otfvactive forces, istolved
in principle by the model RH-UHV cutomotic recording electrobolonce mode by Caohn
instrumeni Company. The baionce is designed for use in vocuuns into the lo-mtcm'
ronge, and copabie of continuous recording of chonges in force over of least two
orders of mognitude. Measurement of amali forces is limited by the semitivity of the
bolence to 2 micrograms change of force, while lorge forces cre meosured to four
significort figures up to ¢ force of 20 groms weight. However, the balonce may not
satisfy the requirenents of ihe experiment compietely, o characieristic of the haleace
which must be sstoblished is how steadily the beom of the bolance mointeins o cons-
tant position, whichin tum determines how well a given inter-surface segoroticn con
be naintoined between the curfoce-erergy specimens, Such knowledge is directly
reloted to solving sub-problem i, the control ond measurement of inter-surfoce
seporction, It is known thot the model G-2 bolonce is sensitive to change of beam
position of 1000 1 | but for the present work o sensitivity down to the order of 101 ,
would be desirable. In o recentiy discovered article titled " Adoptation of the Cahn
tlectrobalonce Control System te the Automatic Operation of A Quortz Beom Vacuum

Microbalonce, (Vocuum Microbaoionce Techniques, vol. 6, Plenum, New York, p.45),

w. E. Boggs reported modifying the optics of the bolance to be extarnal to the
vacuum system. With the knowledge that this is procticol, it thould be possible to
design on external, cotical interference system to recd ond control the bolonce beom
position. It is not clear what the limiting design factors ore, ond communication with

the Cchn Instrument Compeny is oroceeding in order to determing what dato exists

LTS




for the model RH-UHV so for os beam position steodiness is concermed. This informa-
tion should be avoiloble before the end of June, if it is known, but it may well be
that the doto will have to be estoblished in this loborctory, olong with modification
of the optical ond control system of the balonce. The balance will very probobly be
orderec before the end of June, ond should be available for testing and preporation
of preliminary experiments before the end of August. The experiments will measure
ottroctive forces between surfoces in air using fechniques similor to those of
Derjoguin, (see status repoet 2, reference 6) ond should be corried out during the
fali term of 1970. Design of the system to mecsure the separation of the surfaces
{555) being 1ested wiil begin during July, with the view of coupling the SSS into
the electro-optical system of the bolence in order to control belonce beam position o
well as measure it, Construction of the 3SS will begin during the fall term.

After the microbalonce ond UHY systems have been tested ond ore opercble,
prelimincry experiments will be run to obierve how the systems operote in combina-
tion. Such experiments will probobly pre-ecd the construction ond successful opero-
ticn of the 558, and will simply mecsure the adhesive force between various types of
specimens brought into contact with ecch cther under UKV . Specimens will be both
alkoli holide ond metollic couples, ond it is expected that vorious clecning techniques
will be tried in order to observe the effects on odhesive force. Such experiments will
be of some direct empirical interest to LME, since the cdhesive force moy be mecsured
both in tha presence ond obsence of the liquid metal, or other forms of metailic em-
brittlement agents, such as the leoded steels.

Twe cuxiliory problems reloted to the surfoce energy measurement ore progress~
ing satisfoctorily.  Crystals of NoCl ore now growing from solution, and ore believed

to be highly pure ond perfect in structure. The first crystollites hove formed, ond by

il
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late July or August they should have grown sufficiently lorge for our experimental
purposes. They will be subjected to tests such as ionic conductivity measurements
ond thermoluminescence in order to check on purity. Etch techniques will be used
to check dislocction density. The crystals will ultimotely be used in surfoce energy
mecsurements to help colibrate the opporatus.

The second problem is to test for the existence of o photomechanicol effect in
frocture energy mecsurements of KC1. The photomechamical effect consists of rhe
revessible increase in yield strength when the crystals are illumincted with green
light ot temperatures below the boiling point of liquid nitrogen. 1t is expected thot
measured frocture surfoce energy will follow the reversible chonges in yield strength.,
The frocture energy opporatus is that used in previous work. To achieve the low ond
carefully-controlled temperatures, o cryostat hos now been constructed and tested. A
mercury manostct is used to control the vapor pressure of the liquid nitrogen by regulo-
ting the pressure produced in the system by o vocuum pump. The precise control of
pressure guarantees control of temperature to within 0.1°C. This is importont, since
the results of Nodeou ( J. Appl. Phys., 35, 669 Morch 1964) shows sharp depen-
dence of yield strength on tempurature in temperature ranges to be studied. A thermo-
couple wiil be mounted in the cryostat to check on the constency of temperature in the
region of the specimen. Special strain gouges cre being mounted on the oluminum
strain-gouge ring, ond are beirg bonded with o special glue cloimed to be good inthe
low tempercture ronges to be used. It is expected thot preliminory experiments wili
begin by the end of July and significont results should be obtained during August.

The work should be completed during the foll term.

»




7. Crystallogrophic Aspects of Liquid Metal Embrittlement

Chief Investigator: D. L. Albright
Grodyote Students: K, H. Buchner
J. A. Wetter {storting June, 1970)

Purpose: The measurement of fracture energies ot groin boundories in bicrystal grown
with o range of controlied orientation relotionships. The aimis to study the effect
of crystailogrophic foctors upon the fracture energies.

Progress and Plons: Resistonce heating wos used to grow single crystals of aluminum
(99.993% purity) by thermal grodient controlied solidification. Portions of these

crystals were then removed ond oriented for use as seeds in the growth of bicrystals
opproximately 8 in. long. Initiclly, some bicrystols were olso grown by seif-nuclection.
In either case it was determined thot the bicrystal boundory con ke kept relctively
straight and in the middle of the specimen by plocing o wire (1 mm dia., high melting
point ailoy} along the centerline of the bottom of the grophite crucible. Typicol
bicrystals grown in eoch monner ore shown in Figure 48.

Bock-reflection Love photogrophs ore being token in oider to establish the
orientaiion relationships which exist ocross the two holves of eoch bicrystal. Table |
summorizes the crientation results to date. Even though sil samples ore now being
produced by seeding, the self-nucleated somples have been inciuded to heio moke
severol paints. First, Toble | shows that bicrystals have been grown with both common
end uncommon growth directions in the two holves. 3econd, for either of these obove
situctions, it con be saen that i? is possible to produce somples with varying degrees
of lattice rotation between the halves. Third, the ability to keep the boundery
straight and centered seems to monifest itse!f in the occurrence of a wide voriety of
interfcce "motch-ups®. All three of these points represent substanticl progress toword

the gools outlined in the original THEMIS propessl,
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Current effort is being directed toword producing o complete set of long bi-
crystals with precisely controlled origntation relotionships. Simultaneously, double
contilever somples for mechonical testing are being machined from the conirolled
bicrystols aiready on hond. This testing will be done in o liquid mercury environment.
The test permits o meosurement of fracture energy, which will in tum be correloted
with the crystallogrophic porometers.

Delivery of the double-crystal diffractometer hos bes= delayed from April to
July, 1970, When this equipment arrives, determination of the crystallographic
substructure ot the bicrysta! boundories will commence.

8. Effect of Cold Work on Leod Embrittiement of Alloy Steels

Chief Investigator: N. N. Breyer
Associate investigator: J. W. Daily
Groduate Student: K. L. Jjohnson

Purpose: To seperate out the individual effects of cold working and of strength level
on the embrittiement behovior of 4145 leoded steel.

Introduction: Investigators studying the effects of cold working on the LME of solid
metals have reported resuits which are seemingly coniradictory. Although these outhors
have recognized the difficulty in anclyzing ond interpreting their results no cttempts
have been mode to cleorly separate the effects of deformation mode (e.g. rolling,
tensile prestrain, die drawing, etc.) as well as the attendant changes in the bose ma-
terial strength level with increasing cmounts of coid deformation.

A review of the field of LME by Rostoksr, et. of .29 includes the effect of cold
work (room temperature) on the embiittiement of 3003 Al alloy in the presence of
Hg + 3% Zn cmalgoms. The outhors conclude that increasing amounts of cold work
decrecse that alicys susceptibility to LIME. The deformation mode in this study,

—




although not reported, was in all probability cold rolling since the authers report
percent elongation at frocture, typical of o thin, sheet type specimen. The degree
or susceptibility to embrittiement in these studies is usually definad o3 the difference in
elongation between the dry and wetted specimens for the some degree of cold work.
Subssquent work by Rostoker ond Nicholsi21722] on oge hordened Al alloys
deformed by pre-stretching shows that cold work first produces on increase in suscep-
tibility followed by o progressive recovery with odditional cold deformation. The
effect of tensile prestrain on the tensile properties of ~ -brags in the pessance of Hg
has been detailed byua‘; it wos shown thot the susceptibility to embrittlement in-

creases with increasing amounts of cold pre-strain. R&ferencelz‘]

reports the effect
of cold rolling 70:30 @ brass tested in the presence of Hg - 2% No omalgams. These
authors show that beyond 25% cold reductions the susceptibility to embrittlement
progressively diminishes until virtuolly no embrittiement is observed for materiols pro-
cesse? 10 95% coid reductions,

It is obvious that the previous studies have not produced consistent results, Fur-
thermore, in most of the prior invesrigations, the LME chorocteristics were studied at
only one tempercture. The present study was initicted to further exomine the role thot
cold working ploys in the LME phenomena. The materiol selected for this investigo-
tion was on AlISI 4145 clloy steel, avoilable as "split-heot” stock. The moterial’s
susceptibility to embrittlement by leod hod been extensively chorccferized.[ql Holf
of this materiol was interolly leoded ond the other half waos leod-free. Table |

presents the chemical composition of the two portions of this "split-heat™.
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Toble |

CHEMICAL COMPOSITION OF 4145 "SPLIT-HEAT" MATERIAL

Material C Mn P S 5i G Mo Pb
4145-0 045 0.80 0.012 0.020 0.22 ¢.95 0.16
4145-22 0.47 0.80 0.013 0,025 0.22 0.9 0.17 0,22

This moterial was selected to demonstrete the sensitivity to leod embrittiemenr
as function of strength lew|[25,26,271 ond the extensive dota availabie for this

matericl permits precise base line Wim{25'26’ 28]

. Also, this material con
be readily processed by various combinations of thermo-mechanical trectments to o
singulor strength level (200 ksi nominal in this study) thus obviating the complicating
effects of changing strength levels with changes in omounts of deformation.

An odditioncl purpose of this study will be to relate the effects of different
deformation modes to the embrittlement characteristics and frochwe mechanisms of
solid metais in the presence of an embrittling ogent. In order to gain o better under-
stonding of the role which cold working plays in the LME phenomena ¢ cosrelation
between the cold-working effects ond the fractographic features of these spacimens

wi’l olso be ottempted.

Experimental Results: In aon effort to clorify the exact nature of the thermo-mechoni-

cal trectments employed in this study, Tcble Ul lists the combiagtion of heat treatments
ond deformation required to obtain the 200 ksi nominal room temperature tensile
properties for this 4145 olloy steel material. The elevated temperature tensile (ETT)
properties of the leoded-steel resuiting from thermsl processing alone prior to swhbse-
quent deformation by cold-drewing are given in Figs. 49-51. An exomination of these
figures reveals that the degree of embrittiement (os meatured by % R, A, and true

stress o ‘racture) decrecses os the strength level of the stzel is lowered.
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A slight decrease in brittle-ductile (i.e., high temperature recovery) tronsition tem-
perature is also noted.

The trend was shown to exist for another leoded 4145 heat by Mostovey ond
Breyer.lzs' 26,271 The base line data as o function of heat trected strength (Figs. 49-
51) are presented for loter comporison for the changes attending cold deformation.

The effect of cold-drowing on the (ETT) properties of this leoded-steel thermally
processed followed by 0,10,20 ond 30% reductions are shown in Figs. 52, 53, 54 ond
55 respectively. The specimens used in the determination of these curves were all
processad to the some nomincl room temperoture tensile strength of 200 ksi.

Exomination of these figures reveals that at a nominal 200 ksi strength level, o
progressive reduction in susceptibility to embrittiement results as the omount of cold-
deformation increcses. Furthermore, as the percent reduction by die~-drawing is
increased(lower initiol heat-treated strengthjihe brittle~-ductile tronsition temperature
is also progreszively lowered.

Ir, order to compore the effects of cold-working on the ductility properties of
the leoded steel, the ductility properties both before ond ofter cold drawing are pre-
sented infigs. 36,57, ond 58. The % R.A. ot fracture of the 200 ki specimens
processed by the thermo-mechanical trectments ond the % R, A, values of the material
hect trected to the strength level required prior to cold-drawing (i.e., o lower strength
level) cre shown.

From Fig. 56 it can be seen that the 10% reduction by die drawing only slight-
ly increcsed the steel's susceptibility to embrittlement. This increcse occurs from room
temperchre to 550°F, ot which point the two curves coincide. Note, however, that
a 10% reduction by cold drawing hos lowered the brittie~ductile transition temperature

helow that of the heot trected value prior to the deformation.
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Twenty percent cold deformation of the heat treated leoded steel (Fig. 57) A

agcin shows a very slight increase in embrittlement susceptibility from room temperc~
ture to obout 350°F . However, between 350Cand 650°F the ductility properties for
the cold drowing specimens cre higher (i.e., o decrease in LM susceptibility) thon
for the hea? trected specimens prior to deformation. The 20% cold-drawn moterial
also exhibits o lower brittle~ductile tronsition temperature thon the some motericl
prior to deformation.

Fig. 58 illusivates the morked improvement in ductility properties associated
with 30% cold deformation by die drowing. Although there is o mderof; increase in
susceptibility to embrittiement from room temperature to 450°F o substontial increase
in ductility is shown in the criticol embrittlement rough region. As in the previous
coses, the cold drawing has lowered the brittle-ductile transition tempercture below
that of the leaded steel, heat treated to the prior - to ~ deformation strength level,

From these results it is quita opporent that in spite of the foct that cold drowing
promotes the steel to o higher strength level, o decrecse in embrittlement susceptibi-
lity occurs in the embrittiement trough temperature range. It was shown eorlier
(Figs. 49-51) thot as the heot treated strength level is lowered the severity of em-
brittlement is clso lowernd{cs is the brittle~to-ductile transition temperature). Figs.
56-58 illustrate that deformation by cold-drowing lowers the brittle~to-ductile
tronsiticn temperatures still further, even though the cold drawing process raises the {
strength level.

The susceptibility to embrittiement os related to the cmount of cold work by
die drowing can be more properly compared summorizing the ductility properties of
the specimens processed by G, 10, 20 and 0% reductions in which case oll specimens
hove cchieved the s e ultimote strength level, Fig. 59 controsts the ductility pro-

perties of the specimens thermo-mechenically processed to 200 ksi with the




ductility volues for specimens heot treated directly to the 200 ksi level (i.e., no
deformation), it is apporent that if one desires to obtain a given strength level
in this matericl, those processes which involve incremental strengthening by cold-
deowing result in improved ductility properties in the embrittlement trough region.The
susceptibility to embrittlement is decreosed with increcsing amounts of cold deforma~
tion by die drawing. Above 10% cold reductions there is substantial decresse in
embeittlement susceptibility. It should be noted thet increasing cold deformotions
clsc prodiuce lorger reductions in the brittie~ductile recovery tempercture as compored
to the materic! heot trected directly to the 200 ksi level. Tempercture shifis of 45,
50 and 70°F are cbserved for the 10, 20 and 30% cold drawn moterial, respectively.

A comparison of the elongation properties cf the thermo-mechanicolly processed
leaded steel and the leoded steel heat trected directly to the 260 ksi level is given in
Fig. 80. Notice the unusucl behavior of the elongation at fracture of the cold drown
material in the temperature ronge of 400 1o 600°F. The effect of increasing cold re-
ductions on shifting the brittle~ductiie recovery to lower temperatures is also clecrly
apparent.

In order to establish bose line data of the effect of cold working clone on the
ductility properties of this steel, specimens from the non-leoded portion of this
"split-hect™ were thermo-mechanically processed to 200 ksi(by 20% reduction). The

(ETT) properties of this moterial are shown in Fig. 61. For comparison, the (ETT)
properties of the ron-lecded portion of the “split-heat”, hect trected directly to 200
ksi is olso presented (Fig. 62). It con be seen thot the 20% reduction has only slight-
ly affected the noture of the yield and ultimote tensiie strength curves. In general,

however, o decrecse in both % R, A. ond irue stress of fracture is observed




for the cold drown maoterial, A comperison of the ductility properties at the 200 ksi
level of these two moteriails is given in Fig. 63. The general lowering of ductility due
to coid deformation is cpporent in this figure. it is felt thot the initiol increcse in
susceptibility to embrittlement of the cold worked  specimen: from the lesded portion
of the hect compored to the internally leoded specimens directly heot trected to 200
ksi is merely o reflection of this particl exhoustion of ductility.

Since the mode of deformation was thoughs to play ¢ significont role in the
effect of cold work on the LME phenomena, o series of internaily lzcded 4145 iree!
bars were heat treated to o nomincl tensile strength of 200 ksi ond pre-stretched to
their ultimete tensile strength. Specimens were then mochined from these bars and
Fig. 64 reports the ETT properties of these specimens. Fig. 65 compores the ductility
properties of the pre-stret hed specimens to those of the 200 ksi direct, hect treoted
somcies, One con see  from these two figwes that pee-stretching produces o significont
increcse in susceptibifity to embrittiement from room temperciure 1o 725°F, i.e., over
the entire embrittiement ronpe, it is further seen thot this form of cold working couses
no chonge in the brittle-ductile frensition temperature.

In view of the significence of the role of deformotion mode, cdditional studies
o° the effect of pre-stretching os well oz pre-compressing hove been initicted. These
tests ore wow underecy.

At the present time c systematic study of these celd-worked fracture surfoce
copecronce s olso teing conducted. 1 it thought thot such o study will be beneficicl

to the understending and interpretstion of the chove resolts.




9. Facture Toughness of Engineering Metals in Liguid Metal Embrittlement

Chief Investigator: J. W. Dally

Purpose: To mecsure the chonge in frocture toughness parameters, such s Kic
induced by various embrittling liquids on AIS! -~ 4145 steel.

Progress and Plens:  The program hos not been started os yet since ¢ groduate student
is nct ovailgble to work in this creo; work will be initicted as soon as a groduate
student becomes available,

it is proposed tho? two series of experiments be conducted with 4145 steel o3
the structural metal. In the first seriez, the frocture toughness expressed os Ky me
would be measured os o function of tempersiure under both wetted and non-wetied
conditions. The embrittling ogents would be opplied extemally ot the pre-existing
crock tip. Since initiction of the fracture has occurred it mwry be possible to obtain
datc pertaining to crack propagotion rates which will give some insight on the trons-
portation mechanism in LME.

The second series of fests would be on 4145 stee! containing smbrittling ogents
olloyed with the steel. With these intemol and locaily ovoifoble embrittiing sources,
fracture toughness ond crock propoegation rates oy be significontly different then

those mecsured with external spplication of the embrittiing ogent .

0. Effect of gcmhined Stresses on LME

Chief investigator: L. J. Broutmon

Associcte Investigoror: J, W, Dolly

Groducte Students: G. K. Mghojon (Summer 1967, only)
7. ¥. Fugiel (Summes 1970)

Purpose: To obtain quontitative information on tne efects of combined stresses in

cltering IME severity.




Progress ond Plans: The reseorch is in the cpporatus-developing stoge. A iorsion

frome, designed for 2000 in.-ib., producing maximum shear stresses of 80,000 psi on
a 1/2" dicmeter speciman, hos been built to be cttached to an instron testing mochine
glready ot hond. Control equipment hos also been provided. A specicl odopter for
self aligning specimens, has olso been constructed, using molten Weoods metal to float
the upper specimen grip for oligning followed by solidification of the Weod's metcl

for testing,

Two cdditional torsion fromes utilizing the some principles have been constructed
specifically for static fotigue axperiments. These fromes hove been calibroted aond the
torque is opplied by cdding weights to o looding pen. Initicl experiments hove been
conducted using 2024 T4 oluminum specimen; wetted with mercury. The mercury wos
pleced on the specimen sorface using o hect shrinkcble plestic tubing. The lower por-
tion of the tubing wos shrunk onto the specimen and the mercury wos then ploced inthe
unshrunk portion which formed o cup. A rypical torzion brittle frocture wos obtoined
and olso initial experiments in static fotigue proved successivl producing faslure times
of up to two hours ¢t loods slightly reduced from the foilure lood chbtained of constent
loeding rcte.

During the forthcoming year, the testing progrem will be concerned with inves-
tigating ¢ commercially availeble aluminum olloy, 202474, end tiquid mercury o
*~e embrittlement cgent. Torsice: tests on round bars will be performed which give o
ratic of 1:1 tension to compression stress ot 457 to the bor oxis. Also, the use of
circulor flot plotes, simply supported oround the circumference, ond looded ot the
certer, w'll be investigoted os this produces equal biaxial streszas ct the center of the
olate, ', cossible thot the opplicatior of ¢ compressive stress in one direction may

Tt tereter, rme embrittlement process ond thus raise the embrittlement strength inthe




orthogonal direction. This would be not only of proctical significance but wauld oid
in the understonding of the crack initiction process,

Two types of measurements will be mode for all the chove experimentol methods,
The embrittlement strength will be meosured by suitably wetting surfoce before it is
Isodad. Thus, the embrittiement strength con be determined for the vorious stressstates
and o failure envelope con be created. Deloyed foifure or static fotigue embrittlement
can be mecsured for savercl! stress ratios by opplying stresses lass thon those reguired for
chort time frocture.

It is expacted thot in the second controct yeor the static fatigue curve for
mercury-wetted cluminum in torsion will be completed ond compored to the stotic
fatigue curve obtoined in tension or bending. in oddition, of least two other combined
stress states chtained by either pressiwization of o closed end fube or centrol loedingof

a flat circulor picte will be investigoted. Cyclic fatigue in torsion con olso be com-

pored to cyclic fatigue in tension with the oleminum-mercury systera. This wiil olso
cllow us to determine whether there is o difference between stotic ond zyclic looding

of o motericl subjected to embrittlement,

11. Statistico! Mechonics of Frocture and [MAE

Chief Investigator: R, D. Lorsen
Postdoctoral Investigator: C. G. Muier
Reseorch Associcte: |. Bumstsin

Purpose: To develop the statisticul mechonics umocicted with the concent that froc-

ture, embrittlement, ond related moter ols phenomenc con he iracted s mony-body,
cooperctive pheromens, i.e., geome . coimfrophies orising from unstable lottice

configurctions.

Progress: Our grovp hes mode substantic! oragress this post yeor in oftempting Yo model




fectures operoble in fracture ond embrittlement from the viewpoint of statistical
mechonics. We outlined in our second status report some qualitctive feotures of a
first-order geometric fracture/embrittlement model. The details of this model ore
the subject motter of o forthcoming technical report, We have also completed ano-
ther technical report in which we hove corried out some exoct calculotions relevant
to cur geomatric model. These exact calculotions of the moleculor pair distribution
functions for the two-~dimensional cell model ond for the correloted-cell model ore,
unfortunctely, of such o degree of difficulty that they connot be extanded beyond the
order to which they have besn token, The onolyticel technigues thot were used there-
in avr virtually the seme, however, that we (C. G. Miller) hove opplied to onother
colcvlation of considerchle importance to our progrom.

Ve hove been especially interested in the choracterizotion and quontitication

of the mecning of crystaliine (iottice) stebility incsmuch os we howve suggasted thet

unstoble lettice configurations imoly Focture. it is possible to ascertgin o refative

thermodynamic stability from ¢ knowledge of the relctive fee enargies of verious
lattice orrays. Dr. Miller of aur greve has virtuolly completed o very tediows end
iengthly analytical calculation of the configurationa! portition functions of o fornily of 2-
dimensional ictticas which ofe gerwrated by tronsiation of the hexegonal lattice, As
the hexcgono! lcttice gives rise to the densest packing of Z-spberes the fomily
ganeroted comrespands 10 o continuaess sequence of crdersd lattice configurations ond
peckings thet ore successively less deme. The cell-cluster formelism which we hove
employed in ihis work is exoct in the {high dersity) limit of close packing but was
not intendad = be oprlied fo ofhur thern the limiting configurorions, Neverihelass,
ne have beer lz o clewl; define the excct configurstions! regions of Euclidion
space o wriit o syster of 7~spheres is cccensible, The content of the axoct regions

Lrnngt oo i 231y cainulatee o we g, corsiruct ond define limiting solyiopes which




ore lower bounds to the exoct regicns. While the calculations ore cble to be done
exoctly for o given subfigure {polytope) construction the content of these poiytopes
is but on opproximation to the exact configurctionci free volume. The replocement
of hypercylindrical surfozes by their tangent hyperplones is exoct only in the V- Vo
limit. Moreover, the colzulctions ore cble to be done only for small N so it is not
cleor what the convergence properties of the individuel Qc coniributions are, [MNever-
theless, on the basis of those lower bounds, subject to the opproximotions involved, we
will be able to coleulote the relative free energics of the family of latiice cloze pock-
ings mentioned chove. This entire colculotion ond its relationship te plostic deforma-
ticn ond crystalline stobility will be the subject matter of another technicel report.

A further aspeci of the work being corried cut in group is thot being done by
Or. Bumstein, She is in the process of translating on extersive compuier program
which will encble us te implement the integrotion of ¢ certain class of rigid
configurction spoce integrals on a digital computer. The unique choroacter of this
work is that the integrations cre dhie to be done exactly ond enalyticolly, It is sim-
ply not possitile to do "pencil-und~-poper” integrations of thic veriety beyend second
ordar, However, the clgerithm will allow such calculations to be tcken ro ony order,
swoicet only to memory tize ond ruaning time requirements, The integrels ore of the
form
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§ >
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ond, ?,< is o polyremial in N voricbles:

N
2.
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Pe T 9, fiy - e; fi} =,




The integral correponds to an M-dimaniinngl polytops enclotad by (N-1)-dimensional

hyperpiones defined by the orgimants of the dap lunchtion A () Py eaiflgus attinal
partition function, Q. yr s oble to be téducad n w1 sxathusian nf qoh Isgraly. the
programs are being wriilen In ALGOL for the 11T Univas 1108,

Plans. In order to simulate edditional ampects of Hyviwe mad sadi e =il m
hard-sphere laitice model we must work with other then the parfecl lattlcas thut ws
hove been consldering so far. To lest tha assumption further thet a {geomairic) lolice
instability implies fracture ond ambrittlomont wo mupt have some information os to the
selative sigbilities of lattices that contain verious kinds of imperfections. An aspacial-
ly interesting calculation that we hove been considering is the offact of @ introduction
of inclusions to on otherwise perfact lattice of equi-sized hord pariicles, Wé tay ba
cble to formuldls o "call theory™for such inclusions fiom which we should be cbis 1o
=cerfoin the luiliea free ensiglas. By varying the size of the inclusion continuaisly
from much lerger than the size of the hest lattice paiticles to much ¢maller we may
obsarve the effect of inzlusicr sive on iailice stemility i fuct, we hove the fecine-
ting situction thet in the limit of the size of the Inclusion bacoming vanishingly mal|
wo may alis genercie iottice vocancies. We cra quite interssied in the role thot
vecancles play in destebilizing o lattica sither by local collopse with or without the
genasation of o dislocsilon of by o rondensalion® of neighboring vecancies. During
our second year in the program we also intend to ottempt o modelling of variows groin
boundory phensmenc. We may comidar the fectures af hord-perticle tunnel model

in this context. To simulate on embrittling environment we con construct o grzin
houmidlty "benel naving o liguid-like dersity of intmrusiing perticles. The analyti-
cui garails of ths siatistical machonics asocioted with jurk o mudel ~ould be recson-
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